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ABSTRACT
We present a recent Chandra observation of the quiescent low-mass X-ray binary
containing a neutron star, located in the globular cluster M30. We fit the thermal
emission from the neutron star to extract its mass and radius. We find no evidence
of flux variability between the two observations taken in 2001 and 2017, nor between
individual 2017 observations, so we analyse them together to increase the signal to
noise. We perform simultaneous spectral fits using standard light-element composi-
tion atmosphere models (hydrogen or helium), including absorption by the interstellar
medium, correction for pile-up of X-ray photons on the detector, and a power-law for
count excesses at high photon energy. Using a Markov-chain Monte Carlo approach,
we extract mass and radius credible intervals for both chemical compositions of the
atmosphere: RNS = 7.94+0.76−1.21 km and MNS < 1.19 M assuming pure hydrogen, and
RNS = 10.50+2.88−2.03 km and MNS < 1.78 M for helium, where the uncertainties represent
the 90% credible regions. For H, the small radius is difficult to reconcile with most
current nuclear physics models (especially for nucleonic equations of state) and with
other measurements of neutron star radii, with recent preferred values generally in the
11–14 km range. Whereas for He, the measured radius is consistent with this range.
We discuss possible sources of systematic uncertainty that may result in an underesti-
mation of the radius, identifying the presence of surface temperature inhomogeneities
as the most relevant bias. According to this, we conclude that either the atmosphere
is composed of He, or it is a H atmosphere with a significant contribution of hot spots
to the observed radiation.
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1 INTRODUCTION
In the complex interior of neutron stars (NSs), and par-
ticularly in their cores, matter can be found at extreme
densities, higher than 2.8 × 1014 g cm−3, the nuclear mat-
ter density. Since those conditions cannot be reproduced on
Earth, NSs provide a unique laboratory to study the be-
haviour of matter at such high densities. The composition
and particle interactions are described by an equation of
state (EoS), a relation between pressure and energy density
at any point inside the star. For a given EoS, solving the
Tolman-Oppenheimer-Volkoff equations of stellar structure
? E-mail: csechiburu@uc.cl
† E-mail: sebastien.guillot@irap.omp.eu
(Tolman 1939; Oppenheimer & Volkoff 1939) for a range of
central densities results in a unique mass-radius (MNS-RNS)
relation for NSs. Therefore, determining MNS or RNS by ob-
servational methods (see O¨zel & Freire 2016, for a recent
review) is crucial to discriminate between EoSs proposed
by nuclear theory. These are tested by their capability to
reproduce the observed macroscopic properties of NSs. Un-
fortunately, a simultaneous measurement of MNS and RNS is
difficult to achieve.
The recently launched Neutron star Interior Composi-
tion Explorer (NICER, Gendreau & Arzoumanian 2017), a
soft X-ray telescope onboard the International Space Sta-
tion, was designed to address this problem. NICER is char-
acterising the pulse profiles of rotation-powered millisecond
pulsars, with a goal of measuring their masses and radii
© 2019 The Authors
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to an accuracy of 5-10% (see Watts 2019, and Riley et al.
2019; Miller et al. 2019 for the measurements of the pul-
sar PSR J0030+0451). Other mass measurements have been
obtained by means of X-ray and optical observations of NSs
with high and low-mass companions (e.g., Rawls et al. 2011),
but the most precise masses have generally been extracted
from radio timing observations of pulsars in binary systems
(e.g., Antoniadis et al. 2012). Radius measurements, on the
other hand, are more difficult to achieve, since existing meth-
ods suffer from significant systematic errors (see e.g., Miller
2013; Heinke et al. 2014; Bogdanov et al. 2016).
One promising method to constrain NS radii consists
of the study of low-mass X-ray binaries (LMXBs) hosting
NSs, during quiescence (qLMXBs). Accretion onto compact
objects has been observed to be a transient process. When
accretion activity increases, X-ray luminosities may rise to
∼ 1036−38 erg s−1 for weeks to months periods. In these out-
burst episodes, accreted matter accumulates on the NS sur-
face and then form layers of increasing element mass (as a
function of depth) due to the large surface gravity. Because
of the continuous accretion during outbursts, these accreted
layers sink deeper inside the NS crust under the weight of
the newer ones, i.e., to high densities, which induces nuclear
reactions. The released energy is deposited in the crust and
core, heating them up, as explained by deep crustal heating
(Brown et al. 1998).
In contrast, the quiescent emission observed after ac-
tive periods of accretion1, has typical luminosities in the
1032−33 erg s−1 range, and can last for periods of years to
decades. The origin of this thermal emission is the heat re-
leased from the crust and reprocessed by the atmosphere,
which then emerges as a ∼ 106 K thermal X-ray spectrum
at the surface of the NS.
Since NSs in qLMXBs have been accreting from low-
mass stars, and because sedimentation occurs on short
timescales (Alcock & Illarionov 1980; Bildsten et al. 1992),
their atmosphere is likely to be composed of hydrogen
(Brown et al. 2002), although this depends on the nature
of the donor star which could be H-depleted. On the surface
of NSs in qLMXBs, hydrogen is fully ionized due to the high
temperatures of ∼106 K (Zavlin et al. 1996), facilitating free-
free absorption. In these processes, the opacity is given by
κ ∝ E−3, where E is the energy of the photon, which causes
the atmosphere to be less opaque to photons with larger
energies. As a result, photons coming from deeper and hot-
ter layers propagate more easily through the atmosphere,
shifting the peak of the spectrum to higher energies (by a
factor 1.6–1.8) compared to a black body spectrum with the
same effective temperature (Zavlin et al. 1996; Rajagopal &
Romani 1996).
An atmosphere model allows us to extract the
radius measured at infinity R∞ = RNS(1 + z) =
RNS/
√
1 − 2GMNS/RNSc2 through spectral fitting, but this
requires high-quality spectra and, more importantly, know-
ing the distance to the source. It is known that globular
clusters (GCs) host numerous binary systems, due to their
high stellar densities and the resulting stellar interactions
(Verbunt & Lewin 2006). If the qLMXB is located in a GC
1 In quiescence, accretion ceases or continues at a very low level
. 10−12 M yr−1.
with a well constrained distance2, this provides an indepen-
dent measurement and reduces the uncertainties in the spec-
tral modeling. Another advantage of qLMXBs is that, since
they are thought to be the progenitors of millisecond pul-
sars (e.g., Alpar et al. 1982; Srinivasan & van den Heuvel
1982; Bhattacharya & van den Heuvel 1991; Tauris & van
den Heuvel 2006), they are expected to have low magnetic
fields,  1010 G, such that the opacities remain unaffected
by the magnetic field, and so does the emergent spectrum
(Zavlin et al. 1996).
Several qLMXBs have been identified in GCs and in
the Galactic field (for some examples, see Table 4 in Guillot
et al. 2009 and references therein). While LMXBs in the field
were detected following the onset of a bright accretion out-
burst, most qLMXBs in GCs, including all those with the
highest flux at Earth, have not shown accretion activity3.
Most of these sources have only been spectrally identified
based on their similarities to field LMXBs, observed dur-
ing quiescence (e.g., Cen X-4 or Aql X-1). Previous works
have confirmed that H-atmosphere models accurately de-
scribe the spectra of qLMXBs, with radii in the range 10–
15 km, as expected for NSs, either from single sources (e.g.,
Heinke et al. 2006a; Webb & Barret 2007; Guillot et al. 2011;
Heinke et al. 2014; Bogdanov et al. 2016), or from statisti-
cal analyses of multiple qLMXBs (e.g., Guillot et al. 2013;
Guillot & Rutledge 2014; Lattimer & Steiner 2014; Guil-
lot 2016; Steiner et al. 2018). However, in some cases the
accreted material may not be hydrogen, but helium (e.g.,
Servillat et al. 2012; Catuneanu et al. 2013; Heinke et al.
2014). One way to circumvent this is to identify the nature
of the donor star, i.e., to determine the nature of the ma-
terial transferred onto the NS (e.g., with the detection of a
Hα emission line, presumably originating in a faint accre-
tion disk, Haggard et al. 2004). The possibility of helium (or
heavier element) atmospheres is well-founded on the exis-
tence of ultra-compact X-ray binaries (UCXB), with white
dwarfs or helium dominated donors4 (e.g., Zurek et al. 2009;
Altamirano et al. 2010; Sanna et al. 2017; Cadelano et al.
2019). In fact, around 1/3 of the LMXBs in GCs with con-
straints on the companion nature, possess a white dwarf
donor (Bahramian et al. 2014). Since NS He-atmosphere
models have harder spectra than H-atmosphere models, us-
ing the incorrect composition for the observed thermal emis-
sion can result in biases of the inferred radii (Servillat et al.
2012; Heinke et al. 2014).
The motivation for the present work is to provide up-
dated MNS and RNS measurements of the NS in the qLMXB
located in the core of the GC M30. This source (CX-
OGLB J214022.13–231045.5, also named M30 A1) was origi-
nally reported by Lugger et al. (2007) using a Chandra obser-
2 Typical GC distance measurements have ∼5–10% uncertainties
(e.g., O’Malley et al. 2017).
3 A few transients hosted in GCs were known to be very faint
X-ray sources prior to their first observed outburst, but their
quiescent spectrum was too faint to be well characterized (e.g.,
IGR J17480–2446 in Terzan 5, Heinke et al. 2006b; Bordas et al.
2010; Pooley et al. 2010).
4 However, only 10−20 M of hydrogen is necessary to produce an
optically thick NS atmosphere (Bogdanov et al. 2016), and the
matter transferred from He rich donors may still possess enough
H to dominate the NS atmosphere, after gravitationnal settling.
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vation obtained in 2001. In that work, the authors considered
a H-atmosphere model corrected for pile-up (see description
in Section 3). The results were rather unconstrained, with
ranges: 7.0 ≤ RNS ≤ 19.2 km and MNS ≤ 2.8 M. Here, we
present new results that include recent deep Chandra ob-
servations from 2017, using both hydrogen and helium at-
mospheres. We suggest here a preference for a helium at-
mosphere composition, which results in a NS radius more
compatible with the expected range (from observations of
other NSs and from predictions of nuclear theory). How-
ever, if the atmosphere is composed of H, the presence of
un-modeled hot spots on the surface of the NS could also
explain our results.
The paper is organized as follows. In Section 2 we de-
scribe the observations and data reduction. In Section 3 we
present our analyses prior to the spectral fitting, and our
spectral fits. We discuss the results in Section 4. Finally, we
present our conclusions in Section 5.
2 OBSERVATIONS AND DATA REDUCTION
In this work we analyse nine Chandra observations of the
GC M30, separated in two sets. The first one corresponds
to a 49 ks full-frame ACIS-S observation obtained in 2001
and reported in Lugger et al. (2007). In 2017, we obtained
eight additional observations with the ACIS-S detector in
1/8 sub-array mode, totalling 281 ks of additional exposure
designed to limit the effects of pile-up. Details for both sets
of observations are given in Table 1. We performed the data
reduction and analysis using ciao v4.10 (Fruscione et al.
2006), according to the steps suggested in the data prepa-
ration thread5. The level-1 data were first reprocessed with
the latest calibration database CALDB v4.8.2, running the
script chandra_repro, which results in new level-2 event files
used in the subsequent analysis.
The position of the qLMXB was first reported by Lug-
ger et al. (2007), after astrometric correction with Hub-
ble Space Telescope images: α = 21h40m22s .130(1) and δ =
−23◦10′45.′′57(1). We extract the source spectra from circu-
lar regions of radius 2′′, which ensures that ≈97% of the en-
closed energy fraction at 1 keV is included6. We used wavde-
tect to obtain the centroid position of the source on each
observation, and the extraction is performed following the
Step-by-Step guide in the data preparation guide, excluding
the two objects south of the qLMXB (see Figure 1), consid-
ering a circular region of radius 0.9′′. These correspond to
the sources A2 and A3 in Lugger et al. 20077. We estimated
the number of counts from these two sources possibly con-
taminating the qLMXB region. For ObsID 2679, we found
that 2.2 counts fall within this region, i.e., <0.2% of the total
count rate of the qLMXB (∼1100 counts). The background
spectra were extracted from a source-free 46.3′′ radius cir-
cular region near the qLMXB, on the same detector. Notice
that the Auxiliary Response Files (ARFs) were corrected for
5 http://cxc.harvard.edu/ciao/threads/data.html
6 Chandra Observatory Proposer Guide v21.0, Figure 6.10, 2018
December
7 The analyses of other cluster sources will be reported in Zhao
et al. 2020, in preparation
the extraction region. We binned events in each spectrum us-
ing the heasoft tool grppha to 20 counts per bin, in the en-
ergy range 0.3–10 keV. Channels below 0.3 keV were ignored
because Chandra’s calibration is uncertain there, and above
10 keV since the sensitivity of the ACIS instrument decreases
rapidly in that range. The instrumental calibration uncer-
tainties were accounted for by adding 3% systematic error.
The eight resulting 2017 spectra are combined into a single
spectrum using the ciao tool combine_spectra, and then
binned following the procedure described before. Therefore,
we analyse 2 spectra: one corresponding to the 2001 observa-
tion, and the other corresponding to the combined 8 spectra
of 2017 observations.
3 SPECTRAL ANALYSIS
The spectral analysis is divided in three parts. First, since
the two data sets were obtained 16 years apart, we search
for possible variability of the flux. The second and third
parts consist in the simultaneous spectral fits using H and He
atmosphere models, respectively. All the spectral fits in the
present work are performed with the X-ray analysis package
xspec v12.10.0c (Arnaud 1996) and using χ2 statistics. We
set the 2001 data set as the spectral group 1 and the 2017
data as the spectral group 2. In the following paragraphs
we provide a brief description of each model used for the
spectral fits.
For the H-atmosphere composition, we use the com-
mon model nsatmos (Heinke et al. 2006a), and for the He-
composition, we use the nsx model (Ho & Heinke 2009). In
both cases, the normalisation remains fixed to unity, i.e.,
assuming that the entire NS surface emits uniformly. We
employ a distance d = 8.20 kpc to M30 (O’Malley et al.
2017), the most recent value for this globular cluster. The
absorption by the interstellar medium is accounted for with
the tbabs model (Wilms et al. 2000), with abundances set
to wilm (Wilms et al. 2000) and cross-sections set to vern
(Verner et al. 1996)
We also considered the effect of pile-up (Davis 2001).
This phenomenon occurs when two or more photons are reg-
istered on a single pixel within one readout time frame of the
detector. As a consequence, the readout electronics interpret
this event as one photon, with total energy equal to the sum
of the energy of the incident photons. This causes a distor-
tion in the shape of the spectrum, and since the inferred
NS radius depends on the spectral shape, the effect of un-
modeled pile-up could lead to biased radius measurements.
The pile-up fractions for the qLMXB in M30 observations
are low but not negligible: ∼2% for 2001 data (with 0.062
counts per read-out frame), and < 1% for 2017 data (0.006
counts per frame). These were obtained from the Chan-
dra proposal tool PIMMS8. Nevertheless, such small val-
ues can substantially impact the results. For instance, Bog-
danov et al. (2016) demonstrated that the inferred radius for
the qLMXB X7 in 47Tuc may be underestimated by ∼10%
when pile-up effects, even with ∼1% fraction, are neglected.
Therefore, modelling pile-up even for a small fraction is fun-
damental to obtain reliable measurements of MNS and RNS.
8 https://asc.harvard.edu/toolkit/pimms.jsp
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Table 1. Summary of the available Chandra observations of M30.
Obs. ID Starting Time Exposure Time Count Ratea Detectorb Mode
(ks) (s−1)
2679 2001-11-19 02:55:12 49.43 0.02 ACIS-S FF FAINT
18997 2017-09-06 00:05:19 90.19 0.007 ACIS-S 1/8 VFAINT
20725 2017-09-04 16:33:05 17.49 0.007 ACIS-S 1/8 VFAINT
20726 2017-09-10 02:09:13 19.21 0.007 ACIS-S 1/8 VFAINT
20731 2017-09-16 18:04:17 23.99 0.009 ACIS-S 1/8 VFAINT
20732 2017-09-14 14:23:17 47.90 0.007 ACIS-S 1/8 VFAINT
20792 2017-09-18 04:21:43 36.86 0.007 ACIS-S 1/8 VFAINT
20795 2017-09-22 11:39:56 14.33 0.006 ACIS-S 1/8 VFAINT
20796 2017-09-23 06:09:30 30.68 0.007 ACIS-S 1/8 VFAINT
a The count rate difference is due to the decrease in the sensitivity of Chandra-ACIS at low-energies, in the 16
years that separate the observations (http://cxc.harvard.edu/ciao/why/acisqecontam_previous.html).
b ”FF” refers to full-frame mode and ”1/8” refers to the 1/8 subarray mode.
Figure 1. 42′′×20′′ Chandra X-ray images of the qLMXB in M30, in the 0.3–10 keV energy band. The figure shows the extraction regions
for two of the observations: ObsID 2679 from 2001 (left) and ObsID 18997 from 2017 (right). The larger circle corresponds to the source
region. The two objects located south of the qLMXB (likely to be cataclysmic variables, sources A2 and A3 in Lugger et al. 2007), are
excluded from the source region.
The pileup model provided in xspec is fully described in
Davis (2001). The parameters of this model component are
set according to each observation and The Chandra ABC
Guide To Pileup9. We set a frame time of 3.14 s for group
1 (corresponding to the full-frame mode readout time), and
0.941 s for group 2 (for the 1/8-frame mode data), while the
α parameter of both groups is left untied between the two,
and free to vary (see Table 2). The remaining parameters of
the pile-up model are fixed to their default values.
Additionally, a high-energy excess has been observed in
the tail of some LMXBs in quiescence (e.g., Campana et al.
1998; Rutledge et al. 2002; Campana et al. 2004; Degenaar
et al. 2011; Bahramian et al. 2014). Its origin is unclear and
might be caused by residual accretion. We explore this possi-
bility by adding a power-law spectral component, pegpwrlw,
to the nsatmos or nsx model. To limit degeneracies between
the thermal and non-thermal components during the spec-
tral fits, we fix the photon index to 1.5, since the typical
range observed for qLMXBs X-ray power spectrum is 1–2,
as done in previous analyses of qLMXBs (Guillot et al. 2013;
Bogdanov et al. 2016). The power-law energy range is set to
its default value, i.e., 2-10 keV, and the power-law normali-
sation is left untied between the two groups.
Finally, to determine the best-fit parameters and their
uncertainties, we employ the chain command in xspec that
performs Markov Chain Monte Carlo (MCMC) simulations
to obtain the posterior distributions of all fitted parame-
9 http://cxc.harvard.edu/ciao/download/doc/pileup abc.pdf
ters. The MCMC is initialised from the best-fit, with 200000
steps, 100 walkers, and burn-in corresponding to 25% of the
chain length. The priors are uniformly distributed within the
hard limits of the nsatmos or nsx parameters. For nsatmos,
these are 0.5–3.0 M for MNS, 5–30 km for RNS, and 5–6.5
for logTeff/K. The nsx model shares the same limits, except
for logTeff/K, covering the 5.5–6.7 range. All uncertainties
reported hereafter are at the 90% confidence level, or cor-
respond to the 90% credible interval when derived from the
MCMC posterior distributions, unless specified otherwise.
3.1 Flux variability
The X-ray flux of qLMXBs is not expected to show variabil-
ity during quiescence, unless an accretion episode happened
recently10. However, such an event would likely be detected
by all-sky monitors, as was the case for IGR J17480–2446 in
Terzan 5 (Bordas et al. 2010; Pooley et al. 2010). We search
for signs of flux variation over the 16 years between the two
observations, and additionally, between the individual 2017
observations. The lack of variability would allow us to fit
both spectra simultaneously with tied NS parameters. If the
spectra show variability, it would however imply a change
in temperature or in the normalisation of the thermal spec-
trum. That was observed in two qLMXBs (in NGC 6440
10 Typical returns to quiescence flux levels following an outburst
can last several years (e.g., Wijnands et al. 2017, for a short re-
view).
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CX 1 and Terzan 5 CX 12, Cackett et al. 2005; Walsh et al.
2015; Bahramian et al. 2015), which showed marginal evi-
dence of variations due to low-level accretion.
We begin by testing for flux variations in timescales of
years. For this exercise, the spectral model tbabs*nsatmos
was convolved with cflux, a xspec model used to estimate
the flux of the other components, and their correspond-
ing uncertainties. We fit the data of group 1 (2001) and
group 2 (2017) with all parameters untied. The spectral fit
results in fluxes log10(F2001/ erg cm−2 s−1) = −13.12+0.03−0.03 for
the 2001 data, and log10(F2017/ erg cm−2 s−1) = −13.11+0.03−0.03
for the 2017 data. The temperatures were measured inde-
pendently using the spectral model pileup*tbabs*nsatmos
(see Section 3.2). We find kTeff = 104.23
+23.48
−14.26 eV for the 2001
data, and kTeff = 112.58
+25.06
−10.79 eV for the 2017 data. For this
spectral fit, we found a statistically acceptable result, with
χ2/dof ≡ χ2ν = 0.97, where dof is the number of degrees of
freedom, corresponding to 101, and null hypothesis proba-
bility (nhp) equal to 0.58. Therefore, there is no evidence of
flux variability of this source between 2001 and 2017.
Additionally, we tested an alternative method to search
for flux variability. For this exercise we fit the model
pileup*tbabs*(const*nsatmos), fixing const to 1 in group
2, and with the remainder parameters free and tied between
the two groups. Here, the const factor represents the rela-
tive normalisation of the two fluxes. We found a value of the
constant consistent with unity, 0.97+0.11−0.10, were the errors cor-
respond to the 99% confidence estimated with error com-
mand. Thus, there are no signs of flux variability, leading to
the same conclusion.
The quiescent spectrum of LMXBs can also show short-
term variability over timescales of days (e.g., Rivera San-
doval et al. 2018). Therefore, we search for flux variations
within the individual observations taken in 2017. Due to
the low number of counts in most 2017 observations (except
ObsIDs 18997 and 20792), we rebin the data following the
procedure described in Section 2 but using a minimum of
15 counts per bin. We fit the spectral model tbabs*nsatmos
convolved with cflux to each observation, and computed
the best-fit flux from MCMC runs. We do not include the
pileup model, since 2017 data was obtained in 1/8-frame
mode to reduce pile-up fraction, making this model difficult
to constrain given the count rates shown in Table 1. The re-
sults are shown in Figure 2 (see also Table A2), and indicate
the flux is constant within uncertainties, placing this source
among the few steady qLMXB reliable for measuring radii
(e.g., Heinke et al. 2006a; Servillat et al. 2012; Guillot et al.
2013).
3.2 Hydrogen and Helium atmospheres
The spectral fitting is performed by assigning the same set
of parameters to both data groups, i.e., keeping the NS tem-
perature, mass and radius tied between the two groups.
All the parameters are left free, except for the distance,
the H/He normalisation, the photon index and the pile-
up parameters mentioned previously. The spectral fit to the
model pileup*tbabs*(nsatmos+pegpwrlw) results in a sta-
tistically acceptable fit with χ2ν = 0.96 with nhp = 0.59
and is shown in Figure 3. From the MCMC posterior dis-
tributions, we deduce the median values as well as the 5%
and 95% quantiles, which give us the 90% credible intervals
18997 20725 20726 20731 20732 20792 20795 20796
ObsID
13.4
13.3
13.2
13.1
13.0
lo
g 1
0(
F/
 e
rg
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m
2  s
1 )
Figure 2. Flux estimation and 2σ error bars for individual
2017 observations. The dashed line indicates the best-fit flux
log10(F/ erg cm−2 s−1) = −13.14+0.02−0.02 (χ2ν= 0.004) obtained from
least-squares fitting method, where the error corresponds to the
estimated standard error for the best-fit value.
of the parameters. All results are summarized in Table 2,
and the 1- and 2-dimensions posterior distributions are dis-
played in Figure 4. In particular, we find RNS = 7.94+0.76−1.21 km
and MNS = 0.79+0.40−0.28 M. It is important to emphasise that
the lower limit in the mass parameter is technically uncon-
strained, since it is consistent with the hard limit of the
model. Because the hard limit defines a range for the prior, it
likely affects both the lower limit and the median values. For
this reason we note that the less affected and most informa-
tive value is the upper limit of this parameter. These results
are physically unrealistic for an EoS that can support a 2 M
NS (e.g., O¨zel & Freire 2016), but consistent with the previ-
ously reported range for this source (7.0 km ≤ RNS ≤ 19.2 km,
at 90% confidence, Lugger et al. 2007). Since assumptions
of H-atmospheric composition may lead to an underestima-
tion of the NS radius (see Section 1), we next consider an
atmosphere composed of pure helium.
This analysis is performed following the same procedure
described before, but with the nsx model11 (Ho & Heinke
2009), i.e., pileup*tbabs*(nsx+pegpwrlw). The results of
the statistically acceptable fit (χ2ν = 0.98 with nhp = 0.55)
are shown in Table 2, Figures 3 and 4. Again, we use MCMC
simulations to obtain the posterior distributions of the pa-
rameters. As expected, we find larger inferred values for RNS
and MNS: RNS = 10.50+2.88−2.03 km and MNS = 1.07+0.71−0.51 M. As
explained before, note that the most meaningful value is the
upper limit of the mass parameter. These results are easier
to reconcile with other measurements of these two NS prop-
erties (O¨zel & Freire 2016), and based on this, one can argue
that our data is better described by a He atmosphere model.
The best-fit NH obtained with nsx appears consistent with
that deduced from the NH–E(B − V) relations (Foight et al.
2016, for a recent estimate), predicting NH ∼ 2.8×1020 cm−2,
for E(B − V) = 0.03 (Harris 1996, 2010). While this consis-
tency is interesting, it is important to keep in mind that
NH–E(B − V) relations may be uncertain, especially for low-
absorption. Nonetheless, it is important to note that H and
He models describe equally well the data, and are virtually
11 A ”switch” parameter for nsx permits selecting He or carbon
composition.
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indistinguishable at the signal-to-noise ratio available from
current X-ray observatories.
Additionally, to explore the impact of adding a power-
law to both models, we repeated the spectral fits without
considering this component. The spectral fit to the model
pileup*tbabs*nsatmos results in χ2ν = 0.99 with nhp =
0.49. The measured properties are RNS = 6.51+1.79−1.40 km and
MNS = 1.16+0.17−0.45 M. While in the case of pileup*tbabs*nsx,
the spectral fit results in χ2ν = 0.99 with nhp = 0.51,
RNS = 8.05+2.49−1.87 km and MNS = 1.39+0.32−0.58 M. These results are
consistent with those of the previous spectral fits, however,
they suggest even smaller RNS. Together with the power-
law normalisations of 2017 (marginally consistent with zero,
see the posterior distributions in Figure 4), this indicates a
possible non-negligible contribution of the power-law com-
ponent to the seemingly purely thermal spectrum. More-
over, if a non-thermal component is indeed present and not
accounted for, it may skew the RNS measurement. Because
it is appropriate to include the power-law component when
trying to place constraints on the radius, we favour our anal-
yses including the power-law.
Using the simftest tool in xspec, we also determine
the significance of adding an extra power-law component
(pegpwrlw) to the pileup*tbabs*nsatmos model. After 1000
iterations with simftest, we find a probability of 0.02 that
the data is consistent with the simpler model, i.e., without
the power-law component. Likewise, employing simftest to
the model pileup*tbabs*(nsx+pegpwrlw) results in a prob-
ability of 0.04 that the data is consistent with the model
without the pegpwrlw component. Both represent marginal
evidence that the power-law component is required. There-
fore, we add this component to account for the uncertainties
it may cause, as explained previously.
We also repeated all the reported analyses without com-
bining the eight 2017 spectra. The results are shown in Table
A1. Though we find consistent results, we note the uncer-
tainties are slightly larger, especially for the radius mea-
surements. In particular, when fitting a H atmosphere the
upper limit for RNS seems to be consistent with typical NS
radii. However, we favour our analyses with combined 2017
spectra, since the precision of measurements is substantially
increased.
Finally, due to the reduced sensitivity of Chandra at low
energies (see Figure 3), we tested that the calibration of the
degraded response did not affect the results, and found that
the measured radius did not change when using a 6-month
old response matrix.
4 DISCUSSION
Our spectral analysis of the qLMXB in the GC M30 seems
to favour the He atmosphere model, according to the radius
obtained, but it reveals a relatively small radius when us-
ing a H model, in apparent disagreement with theoretical
and previous experimental studies (see, Lattimer & Prakash
2016, for a recent review). Specifically, a NS with radius
RNS = 7.94+0.76−1.21 km is impossible to reconcile with nucleonic
EoS models, especially when those are constrained by NS
mass measurements around ∼ 2 M (Demorest et al. 2010;
Antoniadis et al. 2013; Cromartie et al. 2019). Such mea-
surements impose a certain stiffness to the EoS which then
Table 2. Spectral fit parameters for nsatmos and nsx. The sta-
tistical fits are χ2ν/dof (prob.) = 0.96/105 (0.59) for nsatmos, and
χ2ν/dof (prob.) = 0.98/105 (0.55) for nsx. The values in paren-
theses correspond to fixed parameters in the models, while other
values are obtained from the MCMC posterior medians. All re-
ported uncertainties correspond to the 5% and 95% quantiles, i.e.,
representing the 90% credible intervals.
Model Parameter Group 1 Group 2
(2001) (2017)
nsatmos
Frame time (s) (3.14) (0.941)
αpileup 0.18
+0.56
−0.17 0.53
+0.43
−0.48
NH (10
20 cm−2)a < 0.61
kT eff (eV) 107.72+19.63−6.78
MNS (M)b 0.79+0.40−0.28
RNS (km) 7.94
+0.76
−1.21
Γc (1.5)
PL Norm (10−15 erg s−1 cm−2) < 0.002a 2.30+1.47−1.45
nsx
Frame time (s) (3.14) (0.941)
αpileup 0.02
+0.60
−0.02 <0.1a
NH (10
20 cm−2) 1.74+2.87−1.40
kT eff (eV) 96.28+21.30−9.90
MNS (M)b 1.07+0.71−0.51
RNS (km) 10.50
+2.88
−2.03
Γc (1.5)
PL Norm (10−15 erg s−1 cm−2) < 0.0004a 2.21+1.62−1.44
a Corresponds to the 90% confidence upper limit.
b Note that the lower limit of the parameter is unconstrained,
and consistent with the hard limit of the model, imposed
by the prior. Since the median value may be also affected,
the most meaningful value is the upper limit.
c Represents the photon index of the power-law model.
corresponds to NSs with RNS & 11 km. Strange quark stars
models could however be compatible with the radius mea-
surement obtained with the H atmosphere model (Haensel
et al. 1986; Lattimer & Prakash 2001). We nonetheless insist
that this is insufficient evidence to claim that this qLMXB in
M30 hosts a quark star. The NS radius inferred from qLMXB
observations is highly sensitive to the spectral shape, and it
is fundamental to explore possible biases induced by the as-
sumptions made in the present analysis. Motivated by this,
we discuss below the most relevant and dominant sources of
systematic uncertainty.
4.1 Chemical composition of the atmosphere
The assumption on the atmospheric composition directly im-
pacts the resulting MNS and RNS measurements and sev-
eral studies have shown that the R∞ measured could be
underestimated by 20–50% if a H-atmosphere model is as-
sumed, when a He-atmosphere is actually present atop the
NS (Servillat et al. 2012; Catuneanu et al. 2013; Heinke et al.
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Figure 3. Spectra of the qLMXB in M30 from the 2001 (black) and 2017 (red) observations, where the reduced sensitivity of Chandra
in those 16 years can be noticed at low energies. The solid lines represent the best-fit to a nsatmos H-atmosphere (left) and nsx He-
atmosphere (right) model. In both cases, a Galactic absorption component (tbabs), a power-law component (with photon index fixed to
1.5) and a pile-up correction model are included. The bottom panels display the differences between data points and the best-fit models.
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Figure 4. The one- and two-dimensional MCMC posterior distributions for the parameters in the spectral fitting (Section 3.2). The black,
dark gray and light gray regions correspond to the 68%, 90% and 99% credible intervals, respectively, for the nsatmos H-atmosphere (left)
and nsx He-atmosphere (right) models. The solid line in the one-dimensional posterior distributions represents the median value, while the
left/right dashed lines represent the 5% and 95% percentiles, respectively. Note that in the mass parameter the lower limit is technically
unconstrained, since it is consistent with the hard limit of nsatmos and nsx models. In both figures, the power-law normalisation of group
1 (PL Norm1) and group 2 (PL Norm2) are measured in units of erg s
−1 cm−2.
2014; Bogdanov et al. 2016; Steiner et al. 2018). In these
works and in the present one, both H and He atmosphere
models fit the data equally well. Spectral analyses alone can-
not distinguish between the two possible compositions.
As stated before, while the atmospheric composition of
a NS in a qLMXB is expected to be pure H, it depends
on the nature of the donor star. In UCXBs, the compan-
ion star could be a helium star or a white dwarf. In fact,
some of them are known to possess a helium-rich donor star
(Altamirano et al. 2010; Sanna et al. 2017; Cadelano et al.
2019), or to exhibit He-ignition bursts from the NS surface
indicating accretion of He (see Strohmayer & Bildsten 2006,
for a review).
Identifying the presence of hydrogen in a LMXB sys-
tem, or understanding the nature of the donor is key to de-
termine the atmosphere composition of the NS. This can be
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achieved by the detection of a Hα emission line in its optical
spectrum, which would indicate the presence of a hydrogen-
rich accretion disk (see Haggard et al. 2004, for the qLMXB
in ωCen). If H is transferred onto the NS, then the sur-
face (i.e., the atmosphere) must necessarily be composed of
hydrogen. Alternatively, evidence of H composition may be
proved by measuring the orbital period of the binary. As
in the case of the qLMXB X5 in 47 Tuc, the 8.666±0.008
hour eclipse period allowed to constrain the properties of
the companion, indicating it must be a main-sequence star
(Heinke et al. 2002).
For the qLMXB in M30, the orbital period is unknown,
no information is available on the nature of the companion
star or on the presence of H in the binary system. These im-
ply that the chemical composition of the NS atmosphere re-
mains uncertain, and a He composition cannot be excluded.
Even if the donor star is H-rich, another process that
may alter the chemical composition of a NS atmosphere is
the nuclear diffuse burning of H into He, where an underly-
ing layer can consume H by capturing protons on timescales
of 104−105 yr (Chang & Bildsten 2003, 2004). The H deple-
tion implies a heavier element composition of the external
atmosphere (e.g., Chang et al. 2010), favoring a He compo-
sition. If that is the case, and given the large timescale of
the process, another source of heating is required to account
for the ∼ 1033 erg s−1 luminosity. An example of this are the
new class of NSs known as ‘hot widows’, thought to be de-
scendants of NSs in LMXBs, which are powered by r-mode
instability, capable of maintaining high temperatures dur-
ing ∼ 109 yr (Chugunov et al. 2014). The nuclear diffusive
burning scenario requires that no continuing accretion is oc-
curring, as it would quickly replenish the atmosphere with H.
However, the presence of the variable power-law component
strongly suggests there is continuing accretion. Otherwise, it
could represent a propeller shock, meaning that the material
does not land on the NS surface, and allowing the nuclear
diffusive burning hypothesis.
4.2 Surface temperature inhomogeneities
To model the emission from the NS, we assumed that the
entire surface emits uniformly. However, unmodeled surface
inhomogeneities, e.g., surface hot spots, could bias the mea-
sured radius. The presence of hot spots on the surface of the
NS could be detectable as pulsed emission depending on the
circumstances, e.g., the size, temperature and location of the
spots, or the inclination of the observer with respect to the
rotation axis (Elshamouty et al. 2016). To detect such pul-
sations an instrument with high timing resolution and high
sensitivity is required. Currently, there are no X-ray obser-
vations of qLMXBs with sufficient timing resolution, except
for deep Chandra High Resolution Camera observations of
47 Tuc (Cameron et al. 2007), and M28 (Rutledge et al.
2004).
Ignoring a possible surface hot spot when modeling the
emission spectrum would result in a measured temperature
higher than the true value, and therefore a radius smaller
than the actual NS value. Elshamouty et al. (2016) care-
fully studied the biases caused by unmodeled hot spots on
the surface of NSs in qLMXBs; basing their calculations on
the upper limit on the pulsed fraction for the qLMXB X7
in 47 Tuc, . 16%, obtained from the Chandra-HRC obser-
vations. They determined that, in the case of 47 Tuc X7,
not modeling hot spots that might be present on the NS
surface would cause an underestimation of the radius by as
much as ∼ 25% (Elshamouty et al. 2016). In this context,
we tested the presence of a hot spot by fitting the model
pileup*tbabs*(nsatmos+pegpwrlw) with nsatmos normali-
sation free to vary, a fixed radius RNS = 12 km, and power-
law photon index Γ = 1.5. The result of the spectral fit is
an emitting area of 38+9−6% of the total NS surface, where the
uncertainty corresponds to the 90% confidence computed
with error command. Since typically hot spot sizes repre-
sent less than 2% of the surface emitting area (e.g., Guillot
et al. 2016), we conclude the area given by the fit is proba-
bly larger than a hot spot. However, it is consistent with a
spectrum that combines the emission from the full surface
and a small hot spot.
The present Chandra-ACIS observations of M30 lack
the time resolution (and the sensitivity) to search for the ex-
istence of hot spots. However, they highly motivate searches
for X-ray pulsations in the future. The Neutron Star Interior
Composition Explorer (NICER, Gendreau & Arzoumanian
2017) could address this issue (Ray et al. 2018), but the non-
imaging capabilities will somewhat complicate the search for
pulsations in the crowded field of GCs. In the next decade,
the Athena X-ray Observatory (Nandra et al. 2013) will be
able to provide X-ray data with high sensitivity, 10 µs time
resolution and ∼5′′ spatial resolution, that will facilitate the
search for the presence of X-ray pulsations as evidence of
hot spots at the surface of NSs in qLMXBs.
4.3 Rotational corrections
In this work we have made the assumption that the NS is
spherically symmetric and is not rotating. However, some
NSs rotate at high frequencies extending up to 716 Hz (Hes-
sels et al. 2006), and implying surface velocities & 0.1c, as
revealed from their radio pulsations. Other NSs spin frequen-
cies have been discovered thanks to their X-ray pulsations,
as the case of accreting millisecond X-ray pulsars, rotating
hundreds of times per second (see Patruno & Watts 2012,
for a review).
The effect of fast rotation is to distort the spectrum with
respect to a non-rotating one, because photons experience a
Doppler shift when they are emitted from the approaching
or receding side of the stellar surface. Also, such rapid spins
distort the shape of the surface, which becomes oblate (Al-
Gendy & Morsink 2014). Thus, the fast rotation of NSs may
impact the observed thermal spectrum, and consequently,
bias the measurements of the spectroscopic radius R∞ by a
few percent. Baubo¨ck et al. (2015) quantified the bias in the
inferred R∞ when the non-spinning case is assumed com-
pared to a spinning case, from moderate to fast rotation.
The corrections to the radius R∞ depend on the NS
spin, but also on its compactness (i.e., on MNS and RNS)
and on the observer’s viewing angle with respect to the ro-
tation axis. Not considering these corrections results in an
underestimation of the flux by as much as 12%, the worst
case scenario being for an edge-on fast rotating NS (∼600 Hz)
with a 15 km radius. Baubo¨ck et al. (2015) estimated the in-
curred bias on the measured NS radius which can be as much
as 10% for a 800 Hz, 15 km NS. For more realistic NS prop-
erties (e.g., a 11 km NS spinning at 600 Hz), the radius could
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be underestimated by ∼ 2.5% if the rotational correction
are neglected. Note that these corrections were calculated
for the Blackbody case, which may be different from the
H-atmosphere case (Amason & Morsink, in preparation).
Unfortunately, for the NS in the M30 qLMXB, like
for most qLMXBs in GCs, the spin frequency is unknown,
since these objects do not exhibit radio emission, and their
(likely) uniform surface temperature precludes the detection
of pulsations in the X-ray band. However, if surface inho-
mogeneities are present, future missions will be capable of
detecting them, as discussed in section 4.2.
4.4 Distance
Another source of uncertainty in the radius measurements
is the distance d to the GC hosting the qLMXB, since
F ∼ (R∞/d)2. We considered the most recent distance mea-
surement to M30, 8.2±0.62 kpc (1σ, O’Malley et al. 2017),
determined with the main sequence (MS) fitting method,
which consists in matching the MS stars of the GC to a
theoretical main sequence in a colour-magnitude diagram
(CMD). The latter is obtained from stellar models, which re-
quire calibrations using stars with known distances. The GC
main sequence is shifted until it matches the theoretical one,
and that shift is related to the distance modulus, allowing to
estimate the distance. The reported value of 8.2±0.62 kpc in-
corporates uncertainties associated to the theoretical model,
the photometric measurements, metallicity and reddening
estimates, which could affect the location of the stars in the
CMD.
The uncertainty in the source distance adds to the un-
certainty on R∞, and therefore on RNS. In the case of M30,
the distance uncertainty of ±7.6% (at 1σ confidence) is not
dominant compared to the other sources of uncertainties dis-
cussed above, such as the chemical composition of the atmo-
sphere, or surface temperature inhomogeneities. Moreover,
it is smaller than the statistical uncertainties on the radius in
our results. Thus, the uncertainty on d was not included in
our analysis. In the near future, precise measurements of the
distance to GCs are expected to be achievable with the next
Gaia data release, permitting distances with uncertainties
better than 1% (Pancino et al. 2017).
5 CONCLUSIONS
In this work, we have performed a spectral analysis of
two archived Chandra observations of the qLMXB, CX-
OGLB J214022.13−231045.5, in the GC M30. Because the
two observations are separated by 16 years, we first con-
firmed that the flux remained constant at 90% confidence.
We then performed a simultaneous spectral analysis of the
two data sets using a model commonly used for qLMXB: a
light-element composition atmosphere (H/He), absorbed by
interstellar medium, corrected for pile-up, and a power-law
for count excesses at high energies. Our main conclusions
are the following:
1. The spectral fit performed with the H-atmosphere
model nsatmos results in relatively small radii, but consis-
tent, compared to the previous results reported by Lugger
et al. (2007). The MCMC simulations we performed to quan-
tify the parameters’ credible regions give a measured radius
RNS = 7.94+0.76−1.21 km and a mass MNS < 1.19 M.
2. When considering the He-atmosphere model nsx, the
measured radius and mass are somewhat larger, as expected,
RNS = 10.50+2.88−2.03 km and MNS < 1.78 M, but consistent with
typically measured values for qLMXBs and other classes of
NSs (O¨zel & Freire 2016). However, it is worth to mention
that the error range is large enough to include most of both
the observed and predicted ranges. Because this spectral
model results in NS properties that are less at odds with
previous measurements, we tentatively conclude that it pro-
vides a more appropriate description of the qLMXB in M30.
3. We find that a variable power-law component is re-
quired in addition to the thermal component (nsatmos or
nsx), to properly constrain the RNS measurement.
Identifying the companion star, or verifying the pres-
ence of H or He in the qLMXB system, will determine the
spectral model to use for the X-ray spectrum of this source.
Other sources of uncertainties and biases discussed in Sec-
tion 4, in particular those that cause an underestimation of
the radius (surface temperature inhomogeneities, being the
strongest source of bias, since it accounts for ∼ 25% of un-
certainty) could possibly make the H radius reported above
more compatible with NS radii in the 11–14 km range that
have been reported recently (e.g., Na¨ttila¨ et al. 2017; Abbott
et al. 2018; Baillot d’Etivaux et al. 2019; Gonza´lez-Caniulef
et al. 2019; Raaijmakers et al. 2019b,a).
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Table A1. Spectral fit parameters for nsatmos and nsx, for in-
dividual 2017 spectra. The statistical fits are χ2ν/dof (prob.) =
0.96/125 (0.62) for nsatmos, and χ2ν/dof (prob.) = 0.95/125 (0.63)
for nsx. The values in parentheses correspond to fixed parameters
in the models, while other values are obtained from the MCMC
posterior medians. All reported uncertainties correspond to the
5% and 95% quantiles, i.e., representing the 90% credible inter-
vals.
Model Parameter Group 1 Group 2
(2001) (2017)
nsatmos
Frame time (s) (3.14) (0.941)
αpileup 0.09
+0.51
−0.09 < 0.78a
NH (10
20 cm−2) 1.20+2.72−1.09
kT eff (eV) 106.46+29.97−14.19
MNS (M) 1.06+0.50−0.51
RNS (km) 8.63
+2.75
−1.98
Γb (1.5)
PL Norm (10−15 erg s−1 cm−2)a < 0.005 <0.008
nsx
Frame time (s) (3.14) (0.941)
αa
pileup
< 0.001 < 2.72 × 10−5
NH (10
20 cm−2) 2.24+2.88−1.90
kT eff (eV) 94.35+20.24−11.42
MNS (M) 1.19+0.74−0.60
RNS (km) 11.30
+3.59
−2.42
Γb (1.5)
PL Norm (10−15 erg s−1 cm−2)a < 0.006 <0.007
a Corresponds to the 90% confidence upper limit.
b Represents the photon index of the power-law model.
Table A2. The best-fit fluxes for individual 2017 observations es-
timated from the MCMC posterior medians, where uncertainties
correspond to the 5% and 95% quantiles.
ObsID log10(F/ erg cm−2 s−1)
18997 -13.14+0.05−0.05
20725 -13.23+0.10−0.12
20726 -13.12+0.09−0.12
20731 -13.08+0.08−0.10
20732 -13.12+0.06−0.06
20792 -13.10+0.07−0.08
20795 -13.25+0.12−0.16
20796 -13.09+0.07−0.08
APPENDIX A:
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the author.
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